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Acute renal failure in hemorrhagic hypotension: cellular energetics and
renal function. In male Wistar rats, renal adenosine triphosphate (ATP),
inorganic phosphate (Pi) and intracellular pIT were measured by 31phos-
phorus nuclear magnetic resonance (P NMR) and correlated with
renal function before, during, and for one hour at'ter a period of 30 to 40
minutes hemorrhagic hypotension. In animals which suffered no change
in these metabolites during hypotension, retransfusion immediately
restored normal renal function. When metabolite changes were ob-
served during hypotension, they occurred suddenly with severe ATP
depletion, Pi accumulation, and intracellular acidosis occurring almost
concurrently. Metabolic changes of this magnitude were always asso-
ciated with renal dysfunction in the post-hypotensive period, which
occurred even when the period of biochemical change was only 10 to 15
minutes. The abnormalities in post-hypotensive renal function resemble
the pattern of change seen in human acute tubular necrosis (ATN):
depressed glomerular filtration rate (GFR), urine output varying from
polyuria to oliguria, decreased urine to plasma inulin ratio, increased
urinary sodium concentration, increased fractional excretion of sodium,
and increased fractional excretion of potassium. It is postulated that
changes in renal cellular energy status during hemorrhagic hypotension
distinguish pre-renal failure from early or incipient ATN.
Although hypotension is the factor most commonly identified
in surveys of human acute tubular necrosis (ATN) [1, 21, the
critical events which lead from the immediately reversible state
of pre-renal failure to established ATN are poorly understood.
While it is established [31 that renal cellular ischemia is marked
by changes in high energy phosphates, the exact relation of
these changes to alterations of renal function is unknown. We
have studied this relationship in rats using 'P NMR and
concurrent measurements of inulin clearance and electrolyte
handling before, during and after periods of 30 to 40 minutes of
hemorrhagic hypotension.
The majority of experimental studies of ischemic acute renal
failure have used renal artery clamping or intrarenal infusion of
noradrerialine for at least 40 minutes, which produce structural
damage and a prolonged period of oliguria 14, 51. Experimental
hemorrhagic hypotension generally leads to milder morpholog-
ical and functional alterations [6, 71 in the kidney. it is not clear
which is most analagous to human acute tubular necrosis in
which functional changes often do not result in oliguria [8], and
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morphological changes, albeit assessed from limited biopsy
material, are usually not striking 19—ill.
In this study of hemorrhagic hypotension, the development of
renal dysfunction which was not immediately reversed by
retransfusion was always associated with a period of cellular
energy depletion measured during hypotension by 31P NMR.
Impaired renal function was demonstrable when the period of
energy depletion was as short as 10 to 15 minutes.
Methods
Male Wistar rats (Charles River strain) weighing 300 to 34(1 g
were used with free access to food and water prior to the
experiment.
Anesthesia was induced by intraperitoneal injection of so-
dium pentobarhital (Nembutal) 60 mg/kg. Catheters were
placed in the tail artery, left femoral artery and left femoral
vein. The abdomen was opened using a left lateral incision and
careful hemostasis achieved by electrocautery. The left ureter
was catheterized using PE1O (polyethylene) tubing to minimize
urinary dead space, and the left kidney dissected from the
retroperitoneum. The rat was then transferred to the NMR
probe and the left kidney placed within the NMR radiofrequen-
cy coil. Care was taken to ensure that the kidney lay in its
natural position before the abdomen was closed.
Surgical fluid losses were replaced by i.v. injection of approx-
imately 2 ml 0.9% saline. Anesthesia was maintained during the
experiment by a mixture of nitrous oxide and oxygen (3 parts to
1) and halothanc I to 2% using a head box incorporated within
the NMR probe. Temperature was maintained by a thermostat-
ically—controlled water jacket within the bore of the magnet.
Blood pressure was monitored using a tail artery cannula
coupled to a transducer (type 4-326-L2l2 Consolidated Electo-
dynamics, U.K.) and recording device (Electromed, OrMed
Engineering, U.K.). The need to distance the transducer from
the magnet introduced a degree of damping so that only a mean
arterial pressure is quoted.
One 1LCi of C'4 inulin was injected as an intravenous bolus
and was followed by an infusion of 1.5 Ci of C'4 inulin/hr in
0.9% saline at 0.6 mi/hr. To prevent large rises in plasma inulin,
the infusion was stopped temporarily during the hypotensive
period. The urinary deadspace was estimated at 20 to 25 d on
the basis of the urinary appearance of a plasma bolus of inulin.
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Fig. I. pNMR spectrum of kidney obtained in 10 minutes during
baseline period. Resonances are: 1, phosphomonoester; 2, inorganic
phosphate; 3, phosphodiester; 4, phosphocreatinine (from skeletal
muscle); 5, gamma ATP and beta ADP; 6, alpha ATP, alpha ADP and
NAD/NADH; 7, beta ATP.
Plasma samples were obtained every 20 minutes during the
experimental period at times which included the mid-point of
each urine collection. Urine was collected into pre-weighed
containers. Plasma and urinary inulin was estimated by liquid
scintillation spectrometry (Tricarb 300C, Packard Instrument
Co., USA). Sodium and potassium were measured by flame
photometry (IL 543). Glomerular filtration rate was estimated
by urinary inulin clearance (urinary [Inulini/plasma [Inulini X
urine volume using plasma [Inulin] at the mid—point of the urine
collection. Results are expressed per 300 g animal body wt.
Fractional electrolyte excretions (%) are calculated by the
formula (urinary [electrolytel/plasma [electrolyte]) x (plasma
[inulini/urinary [inulin]) X 100.
A one hour equilibration period was allowed prior to mea-
surement of baseline renal function for two consecutive 20
minute periods. Different quantities of blood were then with-
drawn via the femoral artery to induce and maintain hypoten-
sion varying between 30 and 65 mm Hg for 30 to 40 minutes,
after which blood was restored by retransfusion over 5 to 10
minutes. A further short equilibration period of 10 to 15 minutes
was allowed, permitting the discard of a volume of urine at least
equivalent to the dead space before the measurement of imme-
diate post-hypotensive renal function for two 20 minute peri-
ods. Kidneys which produced less than 40 d of urine in the one
hour after retransfusion were classed as oliguric and post-
hypotensive renal function was not analyzed further.
Experiments were assigned to groups A, B and C during the
hypotensive period on the basis of changes in the 31P NMR
spectrum. If no changes were observed during hypotension, the
experiment was classified in group A; when changes were seen
only in the final 10 to 15 minutes of hypotension the experiment
was classified in group B; and when they were present for the
majority (25 to 35 minutes) of the hypotensive period, the
experiment was classified in group C.
The experiments were conducted within the bore of a hori-
zontal TMR-32 magnet (Oxford Research Systems) operating at
32.5 MHz for phosphorus. The radiofrequency coil used for
excitation and detection was a modified Helmholtz coil, and
consisted of two rigid loops applied to the dorsal and ventral
surfaces of the kidney to which perspex shields were attached.
The kidney was accuratelykeplaced within this rigid device,
which enabled it to be stabilized in its natural position, and
displaced surrounding tissues out of the sensitive volume of the
radiofrequency coil without applying pressure to the surface of
the kidney. Spin-lattice relaxation times were determined using
the inversion recovery method with composite inversion
pulses. Values, which were measured with an accuracy of
approximately 10% were: Pi, 0.84 second; gamma phosphate of
ATP, 0.57 second; alpha phosphate of ATP, 0.60 second; beta
phosphate of ATP, 0.45 second. The free induction decay was
recorded following a 12 lLsec (60°) pulse with a repetition time of
I sec. Therefore, saturation effects were minimal for ATP
resonances but were about 30% for Pi. 31P NMR spectra were
computed from blocks of 296 scans obtained in approximately
five minutes. A normal 31P NMR spectrum obtained by the
addition of two five minute spectra is shown in Figure 1 as a plot
of magnetization amplitude against chemical shift. For each
molecular species, the peak area is proportional to concentra-
tion. Chemical shift is expressed in parts per million, relative to
the standard resonance of phosphocreatine: parts per million
(ppm) = [v std. — v obs.]/v std.). i06 (where v std. and v obs.
are the frequencies of the standard and observed peaks). As
kidney does not contain significant phosphocreatine, the proton
signal from water was used to provide an accurate internal
reference for the measurement of chemical shift in these exper-
iments. Proton spectra were obtained immediately before and
after the experiment to enable correction for field drift, which
was always less than 0.15 ppm over the two to three hour
experiment. 31P NMR spectra were obtained continuously
throughout the experiment. The five minute time resolution was
used to examine periods of rapid and profound biochemical
change. To examine smaller biochemical changes, the spectral
analysis was performed on added data accumulated over 10
minutes, which provided a very good signal to noise ratio.
Spectra were obtained for at least 40 minutes prior to the
induction of hypotension to provide an accurate basis for the
measurement of subsequent change. Adenosine triphosphate
(ATP) concentration was measured from the area of the /3 ATP
peak. Pilot experiments in which the kidney and coil were
manipulated indicated that the small, often visible phosphocre-
atine signal came from paraspinal skeletal muscle adjacent to
the renal pedicle. An estimate of the contamination of the
spectrum by this tissue can be obtained by comparison of the
area of this signal with the /3 ATP resonance, and was similar in
each group of animals. If a phosphocreatine/ATP ratio of 4.5:1
is assumed for skeletal muscle, the approximate contribution to
the ATP resonance in the baseline period in each experiment
varied from 5 to 10%, with a mean of 7%, 8%, 8% in groups A,
B, and C, respectively. Intracellular pH was measured from the
chemical shift of the inorganic phosphate resonance according
to the method of Moon and Richards [121, using the formula pH
= 6.75 + log(5-3.27)/(5.69-S) (where 5 is the chemical shift of Pi
in ppm). In the intact animal, blood Pi and the 2 phosphate of
7
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Table 1. Renal ATP and tissue pH in each group of animalsa
15 mm End of 15 mm 60 mm
Baseline hypotension hypotension recovery recovery
A ATP 100 101±3 97±2 97±3 98±4
N = 5 intracellular pH 7.29 .02 7.29 .03 7.33 .02 7.30 .02 7.31 .02
B ATP 100 97 1b 57 84 91 2"
N = 4
C
intracellular pH
ATP
7.33 .03
100
7.25 .03
33 5 6.79 .08<'28 7" 7.33 .0559 3" 7.35 .0367 2b
N = 7 intracellular pH 7.27 .02 6,79 .09 6.75 •10d 7.12 .05" 7.19 .03"
a The measurement of ATP is semi-quantitative, and values are related to the concentration observed in added spectra accumulated during the
baseline period. Results are expressed as means SE.
" Value > 2 SE from baseline P < 0.05.
P < 0.05 significantly different from baseline value.
"P < 0.01 significantly different from baseline value.
2,3 diphosphoglycerate contribute to this resonance, but com-
parison with spectra from the isolated kidney perfused with
phosphate—free medium suggests that the relative contribution
is small [131, and much smaller in the ischernic period due to
accumulation of intracellular Pi.
Data are expressed as mean and standard errors. Unless
otherwise indicated, the null hypothesis was tested using the
paired or unpaired Student's t-test, as appropriate. Where
indicated, a logarithmic transform was applied before perform-
ance of the t test.
Results
In the control period all animals had normal renal 31P NMR
spectra similar to that shown in Figure 1. In group A, no
changes were seen in the 3tp NMR spectra during hypotension.
In these animals the NMR signal was well maintained for the
duration of the experiment, ATP being 98 4% of the level
during the baseline period, and at the end of the experiment, 60
minutes after recovery from hypotension (Table I).
in groups B and C, changes in 31P NMR spectra occurred
abruptly during the hypotensive period. The development of
intracellular acidosis, decrease in ATP and accumulation of Pi
and phosphomonocster (including AMP and sugar phosphates)
were almost concurrent, but in some experiments, intracellular
acidosis slightly preceded the decrease in ATP, which in turn
slightly preceded the accumulation of Pi. During accumulation
of Pi in both the hypotensive and recovery periods this reso-
nance was noted to he broader. Comparison of changes in the
area of the ATP peak and a ATP peak, which also contains
contributions from a ADP, and NAD/NADH showed that the
difference in the areas remained constant throughout the exper-
iment so that there was no accumulation of ADP visible to
NMR. This pattern is illustrated in Figure 2 and was seen in all
experiments showing ATP depletion.
In group B, animals in which changes in 31P NMR spectra
occurred only during the final 10 to 15 minutes of hypotension,
a dramatic decrease in ATP to 57 7% baseline was associated
with the development of a profound intracellular acidosis p11
6.79 0.08. After retransfusion, recovery of ATP was initially
rapid, reaching 84 4% 15 minutes after retransfusion and then
rising more slowly to 91 2% one hour after rctransfusion.
Intracellular acidosis recovered rapidly in this group of animals
and pH was back to baseline values after 15 minutes of
recovery.
- ATP
• 3 ATP
1.0
.8
6u-0"- .4
2
E
Fig. 2. Experiment in Group B. Changes in cellular energeties and renal
function during hypotension and recovery.
In group C, changes in 31P NMR spectra occurred early in the
hypotensive period and were maintained until retransfusion. A
typical series of such spectra is shown in Figure 3. ATP
depletion was more profound, reaching 28 7% of baseline at
the end of the hypotensive period but the degree of intracellular
acidosis pH 6.75 0.10 was similar. After retransfusion, a
similar pattern of ATP recovery was seen but the levels reached
(59 3% after 15 minutes and 67 2% after 60 minutes) were
lower. Recovery of pH was incomplete, reaching 7.19 0.03 by
60 minutes, which was still significantly less than the baseline
value.
In all animals, the hemorrhage reduced systemic blood pres-
sure well below the autoregulatory range for GFR and renal
blood flow in the rat [141 and resulted in oliguria during the
hypotensive period. Differences in the hypotensive blood pres-
sures were seen between groups although the difference be-
tween group A and group B failed to reach statistical signifi-
cance. The different patterns of biochemical change observed
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Fig. 3. Experiment in Group C. Changes in pNMR spectrum during
hypotension and recovery.
were more significantly associated with the different quantities
of hemorrhage (Table 2), and in group B the occurrence of
biochemical change in the last 10 to 15 minutes of hypotension
generally coincided with withdrawal of additional blood to
stabilize a rise in blood pressure. The study does contain the
unavoidable confounding bias of the effects of hemorrhage on
the whole animal, but despite varying degrees of hemorrhage,
retransfusion restored normal blood pressure for the duration of
the experiment in all animals.
Changes in glomerular filtration rate, urine to plasma inulin
ratio, urine sodium concentration and fractional excretion of
sodium and potassium for each group of animals are shown in
Table 3. To illustrate the patterns of response, GFR and urine
flow for each experiment are shown in Figure 4. Renal function
was normal in all animals during the baseline period, but sodium
excretion was lower in Group B animals. The reason for this is
unknown, but it is possible that by chance they were more
sodium depleted and thus predisposed to renal ischemia during
hemorrhage.
In Group A animals, in none of which was there evidence of
cellular energy depletion, retransfusion immediately restored
normal renal function. There was a slight, but non-significant
increase in urine volume and GFR but a significant decrease in
urinary sodium, reflecting the response of a well preserved
kidney to the hydropenic conditions of the experiment. In
contrast, all animals which experienced cellular energy deple-
tion during hypotension, showed an impairment of urinary
concentrating ability and depression of glomerular filtration
after retransfusion. Of seven animals in Group C, three re-
mained oliguric after retransfusion. Profound oliguria together
with a rapidly rising plasma inulin at constant infusion rates
indicated that GFR was very low, although there was insuffi-
cient urine for a urinary inulin clearance and renal function was
not analyzed further. The remaining four animals were non-
oliguric but had reduced GFR. The reduction in GFR from 0.95
0.11 ml/min/300 g body wt to 0.36 0.05 ml/min/300 g body
wt in the first post-hypotensive period was accompanied by a
fall in urine to plasma inulin ratio from 573 124 to 97 17, a
rise in the fractional excretion of sodium from 0. 11 0.02% to
0.72 0.13%, and a rise in the fractional excretion of potassium
from 11 4% to 31 5%. In the second post-hypotensive
period there was a further fall in GFR to 0.25 0.11 ml/min/300
g body wt, but a small improvement in the urinary concentrat-
ing ability reflected in an increase in the urine to plasma inulin
ratio to 142 54. Shorter periods of energy depletion seen in
Group B animals were followed by a smaller fall in GFR from
1.00 0.10 ml/min/300 g body wt to 0.48 0.07 ml/min/300 g
body wt in the first post-hypotensive period, which was also
associated with impairment of urinary concentration. Urine to
plasma inulin ratio fell from 582 8 to 54 10, fractional
excretion of sodium rose from 0.03 0.01% to 1.73 0.33%,
and urine volume rose from 1.8 0.2 4lmin/300 g body wt to
10.2 2.6 i1/min/300 g body wt. There was again some
improvement in concentrating ability in the second post-
hypotensive period.
In recovery from hypotensive ischemia there was a correla-
tion between recovery of ATP and recovery of GFR in that
Group C animals had less complete recovery of ATP and
assuming that oliguric animals had the lowest GFR, signifi-
cantly lower post-hypotensive GFR than Group B (Wilcoxon
rank sum test P < 0.05), Within group C the oliguric animals
had somewhat lower recovery of ATP (62.5 2.5%) than
non-oliguric animals (69.5 2.9%) but this difference did not
reach statistical significance (P = 0.16). Within group B the
rather widely varying recovery of GFR did not correlate with
small differences in ATP recovery.
Discussion
This study was designed to determine whether the biochem-
ical changes in high energy phosphate metabolism, which are
visible by NMR spectroscopy and which may occur in the
kidney during hypotension, are linked to abnormalities of
post-hypotensive renal function which might be the counterpart
of human ATN.
The biochemical changes observed were the development of
intracellular acidosis, severe depletion of ATP and accumula-
tion of Pi and phosphomonoester were similar to those reported
previously by Chan et al in hypotension [151. They were
qualitatively similar, but slightly less severe than those ob-
served after renal artery clamping or intrarenal noradrenaline
infusion [15, 16].
Similar changes in ATP measured by conventional assay after
freeze clamping have been reported in the kidney after total
interruption of blood supply [171 and when spectroscopic anal-
ysis and conventional methods are compared results for ATP
coincide. In contrast, only a small proportion of ADP and Pi are
visible by NMR, and in our study no accumulation of ADP was
seen during ischemia by NMR.
Biochemical changes indicating a critical limitation of energy
supply in tubular cells occurred only at very low blood pres-
sures. The hemodynamic response of the kidney to hemor-
rhagic hypotension will depend on the interplay between auto-
regulatory influences defending renal perfusion by afferent
arteriolar vasodilation [181 and vasoconstrictor influences de-
fending the whole animal. This balance may vary with the
precise conditions of the hemorrhage so that the pattern seen in
our study may not always pertain. For instance, Chan et alliS]
used a vertical magnet and a different bleeding protocol, and
biochemical changes were found at a higher blood pressure, but
urine flow and renal function were not measured concurrently.
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Table 2. Urine output during hypotension, the quantity of blood withdrawn during hemorrhage and the blood pressure changes for each group
of animalsa
Group AN=5 Group BN=4 Group CN7
Urine output during hypotension pJ/min/300 g body wt.
Hemorrhage m11300 g body wt.
Mean BP mm HG
Pre-hypotensive (baseline)
Hypotension
Post-hypotensive
0.35 0.16
2.5 0.2
113 354 4
108 1
0.42 0.18
4.6 0.3"
110 6
48 7
115 7
0,41 0.05
5,9
111 3
38 4"
112 4
a Results are expressed as means SE
h Significantly different from Group A, P < 0.05
"Significantly different from Group A, P < 0.01
d Significantly different from Group B, P < 0.01
Table 3. Glomerular filtration rate (ml/min/300 g body wt), urine to
plasma inulin ratio, urine sodium concentration (mmol/liter),
fractional excretion of sodium (%) and fractional excretion of
potassium (%) during baseline (mean of two x 20 mm collection
periods) and each 20 mm post-hypotensive period.
Baseline
Post-hypotensive
1 2
Group A N 5
GFR 0.92 0.08 1.05 0.16 1.16 0.14
U/P,b 414 91 363 50 423 43
1Na] 68 10 50 8 34 6
FNa" 0.14 0.03 0.09 0.02 0.04 0.01"
FK+b 11±3 15±5 16±4
Group B N = 4
GFR 1.00 0.10 0.48 0.07" 0.48 0.13
UIP,0" 582 80 54 10" 86 18"
tNai 26 6 12! 17" 108 230
FNa" 0.03 0.01 1.73 0.33" 1.15 0.41"
FCK" 11 1 40 7" 32 3"
Group C N = 4
GFR 0.95 0.11 0.36 0.05" 0.25 0.11"
UIP,," 573 124 97 17" 142 54°
[Na°J 59 8 89 12 64 12
FNa'" 0.11 0.02 0.72 0.13" 0.68 0.35"
FK*b 11 4 31 5° 34 4°
a In Group C only the 4 non-oliguric kidneys are included
" Logarithmic transformation applied prior to performance of t-test
° P < 0.05 significantly different from baseline value
"P < 0.01 significantly different from baseline value
All values are means SE
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Fig. 4. All experiments. Glomerular filtration rate (ml/min/300 g body
wt) and urine flow (pi/min/300 g body wt) during baseline (mean of two
x 20 minute collection periods) and each of two 20 minute post-
hypotensive periods.
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When whole kidney ATP levels fell, they did so very rapidly
even in group B, suggesting that a large proportion of renal cells
reached a critical energy balance at the same time. This is
perhaps surprising in view of the evidence indicating heteroge-
neity in the sensitivity of renal cells to ischemia [91. A rapid rise
in renal vascular resistance may have occurred causing a
sudden large fall in renal blood flow. Alternatively, at these low
blood pressures reduction of GFR might reduce differences in
cellular susceptibility to ischemia based on tubular transport
work rates.
After retransfusion the recovery of ATP was incomplete. It is
not possible in this study to distinguish cellular heterogeneity
for ATP recovery, but the broader Pi resonance noted during
ischemia and recovery may well indicate a wide range of
intracellular pH with a proportion of cells remaining acidotic
during recovery from ischemia.
The development of renal dysfunction after hypotension was
always linked to cellular energy depletion during hypotension.
Intracellular acidosis, marked depletion of AlP, and accumu-
lation of Pi occurred almost simultaneously during hypotension
so that it is not possible to say which of these changes or
precisely what level of biochemical change underlay the subse-
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quent renal dysfunction. However, even the short (10 to 15
minutes) periods of energy depletion in group B animals re-
sulted in changes in renal function.
Renal function in the rat after somewhat longer periods of
hypotension has been measured in two previous studies, in
neither of which were changes in high energy phosphates
measured [6, 7]. Defective urinary concentrating ability was
noted, but the only measurements of GFR were of blood urea
nitrogen at 48 hours in one study and at 24 hour intervals after
retransfusion in the other. In neither study were these measure-
ments abnormal. These observations cannot be directly related
to our own, but the results are not incompatible. The change in
renal function observed here after 25 to 35 minutes of profound
ATP loss is similar to the changes observed by Venkatachalam
et al [191 following 25 minutes of renal artery occlusion. In that
study, GFR was 22% of control after 30 minutes reflow and
normal after 24 hours.
The pattern of renal dysfunction observed in this study after
energy depletion was depressed GFR, urine output varying
from polyuria to oliguria, decreased urine to plasma inulin ratio,
increased urinary sodium concentration, fractional excretion of
sodium, and fractional excretion of potassium, and was the
same as the pattern of abnormalities in human ATN [20]. The
precise relationship of animal models of renal ischemia to
human ATN is clearly open to question, but it is postulated that
these changes in cellular energy status during hypotension
distinguish pre-renal failure from what may be the counterpart
of early or incipient human ATN.
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